The free and conjugated urinary species of non-persistent environmental chemicals or their breakdown products are valid human exposure biomarkers. For convenience, disposable diapers and other absorbent materials are widely used to collect urine specimens from infants and young toddlers. However, the extent to which the different urinary species of the target analytes and other components are recovered after the urine is extracted from these absorbent materials is unknown. In this proof-of-concept study, we investigated the extraction recovery from disposable diapers, cotton pads, and gauzes of the free versus glucuronidated urinary species of three example chemicals: bisphenol A, triclosan, and 4-methylumbelliferone. Although the glucuronides were almost fully recovered, the free species were not. Our results suggest that, in addition to other sampling considerations, the binding affinity and extraction recovery of the target biomarkers to the material used to collect the urine should be considered. Alternative collection approaches that do not require such an extraction (e.g., urine bags routinely used in hospitals) may be worth exploring. Despite its shortcomings, having urinary concentrations for biomonitoring considerably strengthens the exposure assessment, particularly for infants and young toddlers, and the benefits of including biomonitoring data outweigh their potential limitations.
Introduction
Humans are exposed to environmental chemicals through numerous activities, such as industrial pollution, pesticide use, food consumption, and the use of personal care products. Although the health significance of human exposure to some of these chemicals is still largely unknown, studies to investigate the prevalence of exposure are warranted because of the potentially harmful health effects of these chemicals, as often indicated in animal studies. Biomonitoring (i.e., measurement of environmental chemicals, their metabolites, or specific reaction products in human biological specimens) can be used to assess internal exposure (Pirkle et al., 1995a, b; Angerer et al., 2006) . The most used biomonitoring matrices are urine and blood or their products. Urine is a widely used matrix for biomonitoring, especially for nonpersistent chemicals (i.e., chemicals that have short biological half-lives), such as environmental phenols, pesticides, phthalates, and drugs . The unchanged chemicals themselves and both free and conjugated (e.g., glucuronidated, sulfated) urinary species of non-persistent chemicals or their breakdown products are valid exposure biomarkers.
As the hazards associated with exposure to potentially hazardous chemicals might be greater in infants and children than in adults, monitoring exposure in young-age populations is of interest Swan et al., 2005; National Children's Study, 2007; Wolff et al., 2008) . Disposable diapers and other absorbent materials (e.g., cotton pads, gauze) are widely used for the collection of urine specimens from infants and young toddlers for biomonitoring purposes (Lee and Arbuckle, 2009 ). In such cases, the urine specimens must be extracted from the absorbent material before being analyzed for the target chemicals (Calafat and Needham, 2009; Lee and Arbuckle, 2009 ). However, it is known that when one is testing urine extracted from gel-type disposable diapers, values of specific gravity, pH, and protein profiles could be inaccurate (Kirkpatrick et al., 1997) . In fact, as for any extraction procedure, the urine, other urinary biomolecules or solutes, and both conjugated and free urinary species of the target chemicals will be only partially recovered, and the composition of the extracted urine may change if the extraction recoveries of its components are different. Furthermore, the extraction efficiency for any given compound will relate to its aqueous solubility, determined by its physicochemical properties (e.g., lipophilicity, ionizability) and by the pH, ionic strength, temperature, and presence of other solutes in the urine (Kerns et al., 2008) .
The extent to which the different species of environmental biomarkers in urine (e.g., free versus conjugates), as well as other urinary solutes and biomolecules, are recovered after the urine is extracted from the absorbent materials remains unknown (Calafat and Needham, 2009; Lee and Arbuckle, 2009) . In this study, we investigated the extraction recovery from disposable baby diapers, cotton pad, and cotton gauze of the urinary species (free versus glucuronidated) of three phenolic compounds, bisphenol A (BPA), triclosan (TCS), and 4-methylumbelliferone (4-UMB). BPA is primarily used to manufacture polycarbonate plastic and epoxy resins which, in turn, are used in the production of many consumer products (National Toxicology Program, 2008) . TCS is an antimicrobial agent used extensively in personal care and consumer products . 4-UMB is a choleretic agent which has been used as a model compound for phase II metabolism studies (Lovdahl et al., 1994) . We selected these phenols on the basis of the availability of analytical standards for both their free and glucuronidated forms.
Experimental section

Analytical Standards and Reagents
Methanol (MeOH) and water, purchased from Caledon (Ontario, Canada), were analytical or HPLC grade. Formic acid (98%) was purchased from EM Science (Gibbstown, NJ, USA). TCS, 4-UMB, 4-UMB glucuronide (4-UMBglu), 4-UMB sulfate (4-UMB-Sul), ammonium acetate (498%), and b-glucuronidase/sulfatase (Helix pomatia, H1) were purchased from Sigma-Aldrich Laboratories (St. Louis, MO, USA). The initial stock solutions of analytical standards and stable isotope-labeled internal standards were prepared by dissolving measured amounts of the compounds of interest in MeOH. Mixed standard stock solutions that contained D 16 -BPA-glu, 4-UMB-glu, and TCS-glu or their corresponding free species (D 16 -BPA, 4-UMB, and TCS) were generated by serial dilutions of the initial stock with HPLC grade H 2 O to a final concentration of 500 ng/ml. This mixed standard was diluted to 50 ng/ml with urine collected in 2009 from an anonymous adult donor. The concentrations of both free and conjugated species of D 16 -BPA, 4-UMB, and TCS in this urine sample were below the limits of detection (LOD: 0.3 ng/ml (D 16 -BPA), 1.0 ng/ml (4-UMB), and 1.1 ng/ml (TCS)). All standard solutions were dispensed into glass vials and stored at À701C; before use, the solutions were completely thawed and brought to room temperature. The Centers for Disease Control and Prevention Human Subjects Institutional Review Board reviewed and approved the study protocol. A waiver of informed consent was requested under 45 CFR 46.116(d) .
Preparation of the Absorbent Materials for Analysis
We examined the recovery of the free and glucuronidated urinary species of D 16 -BPA, TCS, and 4-UMB from disposable diapers, cotton pads (that include a liner), and a cotton gauze (no liner, only cloth). BPA could be used in the recycling of thermal paper (National Toxicology Program, 2008) and it has been reported to be present in some paper products (Fukazawa et al., 2002; Ozaki et al., 2006) . Therefore, to avoid any potential contamination with BPA from the absorbent materials used, we conducted the study by using D 16 -BPA and D 16 -BPA-glu instead of BPA and BPA-glu. To evaluate whether the recovery was affected by the presence of different absorbent materials, we tested two brands (A and B) of disposable diapers. Brand A was a gelfree diaper, and brand B contained an absorbent gelFa polymer made of fine particles of an acrylic acid derivative. The brands and type of diapers selected were a convenience sample of those commercially available at stores and online in the United States of America. We also tested an abdominal cotton pad (5 Â 9 in, sterile, Kendall Curity, Mansfield, MA, USA) and a cotton gauze pad (Johnson and Johnson, New Brunswick, NJ, USA), which could be used as a diaper insert (Lee and Arbuckle, 2009 ). First, we cut the disposable diapers, cotton pad, or cotton gauze into small pieces (B3 Â 3 cm 2 ) and carefully inserted one of these pieces into a BD Luer-Lok 10 cc single-use non-sterile manual syringe (Thermo Fisher Scientific, Foster City, CA, USA). To prevent the absorbent gel or other parts of the absorbent materials from leaking out of the syringe, we placed a small piece (3 Â 3 cm 2 ) of a Kimwipe (Kimberly-Clark, Dallas, TX, USA) at the tip of the syringe before inserting the piece of diaper, pad, or gauze. Next, we dispensed into the syringe 3 ml (2 ml for the pad and gauze) of 50 ng/ml standard mixture solution (free or glucuronide) prepared in urine. We used a smaller volume of the standard mixture for the pad and gauze because preliminary tests suggested that they were less absorbent than the diapers. After we soaked the piece of diaper, pad, or gauze with the standard for a minute or so, the spiked urine was squeezed out of the absorbent materials and into a 1.5 ml glass autosampler vial (Agilent Technologies, Wilmington, DE, USA) by use of the syringe plunger. The extract was then treated as an unknown sample. The volume of the urine extracted varied from 200 to 1500 ml, depending on the different absorbent materials. Because of the high absorption capacity of the diapers, only 200-500 ml of liquid were recovered from each diaper piece.
Specific Gravity and pH Measurements
We measured the specific gravity and pH of the urine employed to prepare the standard mixtures using a pocket urine specific gravity refractometer (ATAGO, Tokyo, Japan) and an Accumet AR20 pH/Conductivity Meter (Fisher Scientific, Vernon Hills, IL, USA), respectively. To determine these parameters for the extracted urine, we used the procedures described above to extract 2-3 ml of the urine from the various absorbent materials. We collected the extracted urines in glass vials and carried out all measures at room temperature.
Analysis by Online Solid Phase Extraction-High Performance Liquid Chromatography-Isotope DilutionTandem Mass Spectrometry (SPE-HPLC-MS/MS)
The concentrations of free D 16 -BPA, TCS, and 4-UMB were measured by use of a modification of an online SPE-HPLCisotope dilution-MS/MS method with peak focusing for measuring environmental phenols in serum . Briefly, 100 ml of the diaper/pad/gauze urine extract or of the non-extracted urine (the same standard mixture prepared in urine that did not go through the diaper/pad/gauze) was spiked with 50 ml of internal standard solution and diluted to 1 ml with 0.1 M formic acid in a 1.5 ml autosampler vial. The online SPE-HPLC-MS/MS system consisted of an API 4000 Q Trap mass spectrometer (Applied Biosystems, Foster City, CA, USA) equipped with an atmospheric pressure photoionization (APPI) interface and the following Agilent 1100 modules (Agilent Technologies, Wilmington, DE, USA): two binary HPLC pumps, an autosampler with a 900 ml injection loop, a high pressure mixing Tee, and one column compartment with a 10-port switching valve. The mass spectrometer was used in negative ion APPI mode. Ionization parameters and collision cell parameters were optimized separately for each analyte. The negative fragment ions used for quantification and the retention times of each analyte are listed in Table 1 .
As the on-line SPE-HPLC-MS/MS approach used had been optimized only for the free species, the SPE recoveries for the glucuronides were fairly low, thus compromising the analytical sensitivity for measuring these conjugates. Therefore, to estimate the recovery of the glucuronide conjugates of D 16 -BPA, 4-UMB, and TCS from the absorbent collection materials, after spiking with 50 ml of internal standard solution, we enzymatically hydrolyzed the conjugates present in the extracted or non-extracted urine to their free species before online SPE-HPLC-MS/MS analysis. We used 50 ml of the enzyme solution, prepared by dissolving 0.04 g of b-glucuronidase/sulfatase (H. pomatia, 463,000 U/g solid) in 10 ml of 1 M ammonium acetate buffer (pH 5.0), for each sample. The samples were incubated for 4 h at 371C and then acidified with 0.1 M formic acid to 1 ml.
To ensure accuracy and precision of the data, two highand two low-concentration quality control (QC) materials and blanks were analyzed concurrently with the samples. One reagent blank (HPLC grade H 2 O) was used to assess the potential contamination from the reagents. A second blank (extracted HPLC grade H 2 O through diaper/pad/gauze) was used to check the potential contamination from the absorbent materials and the syringe/plunger. The QC materials were prepared by spiking pooled urine with different levels of native target compounds. We prepared the standards and QC samples by using the procedure described above, but we replaced the urine or HPLC grade H 2 O (extracted and nonextracted) with the same volume of standard stock solution or QC urine. Two low-concentration QCs (QCLs) and two high-concentration QCs (QCHs) were included in each run. The calculated means of the concentrations of QCLs and QCHs were evaluated by use of standard statistical probability rules (Caudill et al., 2008) .
Results and discussion
Disposable diapers have been used as the collection vessel for urine samples from infants and young children for the purpose of conducting exposure analysis (Burke, 1995; Cohen et al., 1997; Green et al., 2005; Rogers and Saunders, 2008; Sathyanarayana et al., 2008; Lee and Arbuckle, 2009) . Whether the composition of the urine changes after its extraction from the diaper is of scientific interest (Roberts and Lucas, 1985; Calafat and Needham, 2009) . In this study, we investigated the extraction recovery of the glucuronide and free species of three phenolsFD 16 -BPA, 4-UMB, and TCSFfrom two different types of disposable diapers with and without gel absorbent materials. We also examined the recovery from pads and gauzes that have also been placed on top of the diaper for the collection of urine from special populations of neonates (Calafat et al., 2004; Green et al., 2005) .
As a proof-of-concept, we conducted a preliminary evaluation of the changes in specific gravity and pH after extracting the urine, which was employed to prepare the standard mixtures, from different absorbent collection Change of urine composition after extraction Ye et al. materials. Specific gravity had been suggested as an alternative to creatinine for adjusting dilution of the urine, especially in children, because specific gravity is less influenced by person or temporal variables than is urinary creatinine (Pearson et al., 2009 ). In agreement with previous results (Kirkpatrick et al., 1997) , the values of urinary specific gravity and pH changed after the urine was extracted from the different absorbent collection materials ( Table 2 ). The maximum changes of specific gravity and pH in the extracted urine compared with the non-extracted urine were 0.2% and 5.9%, respectively. We observed the smallest changes, compared with values from the non-extracted urine, for the urine extracted from the cotton gauze (Table 2) . Although the urine specimen tested here was a rather diluted one (specific gravity ¼ 1.004), the specific gravity values of the samples examined are within the ranges (1.000-1.041, median B1.02) observed among young children 3-11 years of age (Pearson et al., 2009 ). These findings, although limited in their scope, suggest that some changes in the composition of extracted urine cannot be ruled out. However, to the extent suggested by these data, these small changes may not affect considerably the extraction efficiency of the target compounds.
We also estimated the mean extraction recovery of the free and glucuronidated species of D 16 -BPA, 4-UMB, and TCS from these collection materials as the ratio of measured concentrations of extracted and non-extracted spiked urine from three replicate measurements (Table 3 ). The mean extraction recoveries of the free species from the pad, gauze, or diapers were lower than those of their corresponding glucuronides. For example, the recovery of D 16 -BPA ranged from 39.3% to 71.1% versus 94.8% to 113.9% for D
16
-BPA glucuronide; the recovery of 4-UMB ranged from 52.4% to 84.7% versus 81.5% to 113.0% for its corresponding glucuronide. These data suggest that some of the free species might have bound to the fibers of the diaper, pad, or gauze to a greater extent than the corresponding conjugated species, most likely because of the relatively low polarity of the free species compared to that of their conjugated forms.
Moreover, we observed that the extraction recoveries from brand A diaper (gel free) of the free species of the three phenols examined were much lower than those from the pad, gauze, or the gel absorbent diaper (brand B). These results suggest that the fibers used in this non-gel diaper might absorb the free urinary species more strongly than the gel absorbent diaper we tested. It is interesting to note that for the same type of the absorbent material, the extraction recovery of free TCS was much lower than that of D
-BPA and 4-UMB. We speculate that the higher hydrophobicity of TCS compared with D
-BPA and 4-UMB, as suggested by the longer retention of TCS on the HPLC C-18 column than the other two analytes (Table 1) , contributed to the increased binding of TCS to the pad/gauze or diapers fibers. We observed acceptable extraction recoveries of the glucuronide conjugates for D
-BPA and 4-UMB regardless of the absorbent material used (Table 3) . By contrast, the mean extraction recovery of TCS-glu was about 35% lower when the urine was extracted from the gel-free diaper than from the other collection materials; the reasons for these differences are unknown. Taken together, our results suggest that when urine is extracted from a pad, a gauze or a diaper, the free species of BPA and other phenols can bind to the fibers of these collection materials, resulting in lower concentrations of the free species in the extracted urine compared with the original non-extracted urine specimen. Considering that the free species of BPA and many other phenols may be bioactive (Matthews et al., 2001) , our findings could be important for interpreting the concentration of free species of environmental phenols in urine when the sample was collected by using absorbent materials. However, because biomarkers that do not undergo extensive phase I metabolism (e.g., BPA, TCS) are mostly excreted as urinary conjugates, urinary free species are normally a minor contributor to the Values obtained after extracting 2 ml (pad, gauze) or 3 ml (diapers) urine on 3 Â 3 cm 2 of the absorbent materials. The volume of the extracted urine varied from 200 to 1500 ml, depending on the absorbent materials. The coefficients of variation of three replicated measurements are given in parentheses.
total concentration, which is used to estimate exposure. Therefore, the total urinary concentrations from diaper-, pad-, or gauze-extracted specimens would still be an appropriate reflection of the extent of exposure to some environmental chemicals. Obtaining urine specimens from non-toilet trained children is a challenge (Lee and Arbuckle, 2009 ). Although we only tested three phenols in this proof-of-concept study, our preliminary data suggest that the composition of the extracted urine from the absorbent materials may change. However, our study does have some important limitations. First, the amount of urine that could be extracted from diaper pieces was very limited, only a few hundred microliters. Second, compared with a real exposure scenario, in our study, the temperature of the urine was lower than the normal human body temperature and the contact time between the urine and the absorbent materials was also much shorter. Furthermore, based on our results, we cannot estimate the magnitude of the potential changes and the applicability of our findings to other urinary biomarkers with physicochemical properties different from those of the three phenols examined.
Despite the potential limitations in recovery highlighted by this study and by other shortcomings (e.g., potential contamination of urine with feces or with the absorbent material itself), collecting urine from diapers or diaper inserts is one of the most practical approaches and one preferred by many parents and field investigators. For highly exposed populations of infants, for whom the urinary concentrations of the target chemicals can be orders of magnitude higher than for the general population, extraction efficiency considerations would likely have a small effect on the exposure assessment (Green et al., 2005; . Ideally, for other populations of infants and young children, the binding affinity and the extraction recovery of the biomarkers of interest to the collection material of choice should be known. However, we recognize that numerous factors, including contact time, temperature, and urine pH and composition, affect the recovery of the urine from absorbent materials, even for a given target analyte. A comprehensive testing of absorbent materials to rule out their containing the compounds of interest and to evaluate the extraction efficiency of the compounds under various conditions would be expensive and impractical.
Therefore, we would strongly favor alternatives that do not require such an extraction to recover the urine (e.g., urine bags). Collecting urine from infants and non-toilet trained children by using urine bags is routinely done in hospitals and has been successfully applied in some epidemiological studies (Lee and Arbuckle, 2009) . However, as with any vehicles for collecting biomonitoring specimens, urine bags must be prescreened for the potential contamination with the target analytes. We also recognize that no single approach will be suitable for all studies. Therefore, scientists involved in exposure assessment must work together to achieve the right balance between the potential effects of the method used for collecting urine from non-toilet trained children and other considerations, including cost and acceptability of the collection method by study participants. Nonetheless, despite these caveats, we strongly believe that having biomonitoring urinary concentrations considerably strengthens the exposure assessment and that the benefits of including biomonitoring data outweigh their potential limitations.
